To further characterize the mechanism involved in poliovirus-induced inhibition of HeLa cell mRNA synthesis, in vitro formation of DNA-protein complexes between nuclear upstream stimulatory transcription factor (USF) and the adenovirus type 2 major late promoter upstream promoter element (UPE; located between -45 and -65 base pairs) was studied. Using the gel shift assay, we found differences between the UPE-protein complex formed with partially purified nuclear extracts from poliovirus-infected HeLa cells and that obtained in the presence of mock-infected extracts. Formation of the modified UPE-USF complex coincided with virus-induced inhibition of host cell RNA synthesis in vivo and with a less efficient in vitro transcriptional activity of the nuclear extracts from infected cells. Furthermore, using a cross-linking protocol, we found that the host 46-kilodalton UPE-binding USF factor was severely diminished and that a virus-induced or -modified 50-kilodalton polypeptide appeared to be specifically bound to the UPE template.
Infection of susceptible cultured cells with poliovirus or other members of the picornavirus family leads to marked inhibition of host RNA synthesis (17, 18; references therein). In poliovirus-infected HeLa cells, mRNA synthesis inhibition coincides with modification of the in vivo transcriptionally active form 110 of RNA polymerase (36) . This form of the enzyme, containing a carboxy-terminal domain (CTD) of 52 tandem repeats of seven amino acids in a highly phosphorylated state (11) , is essential for activity (2, 5, 13, 20, 25, 51) . On the other hand, removal of the CTD did not eliminate the ability of the enzyme to initiate accurately in a reconstituted transcription system (51) . Modification of RNA polymerase IIO during poliovirus infection seems to be dependent on synthesis and processing of viral proteins (37) .
Crawford et al. (12) and Kliewer and Dasgupta (26) showed that in vivo inhibition of RNA polymerase IImediated transcription by poliovirus could also be analyzed in vitro by using extracts from infected HeLa cells. Total cellular extracts prepared from poliovirus-infected cells were significantly less active than those from uninfected cells when assayed for the ability to transcribe from the adenovirus type 2 major late promoter (Ade2MLP). A chromatographic phosphocellulose 1 .0 M KCl fraction derived from mock-infected cells containing specific transcription initiation factors restored transcription of the less active cell extract obtained from poliovirus-infected HeLa cells. This phosphocellulose fraction contains transcription factors TFIID, TFIIX, and poly(ADP) polymerase (24, 38) , suggesting that one or more factors required for initiation at the Ade2MLP are inactivated in poliovirus-infected HeLa cells.
Several DNA regions and protein factors are required for specific initiation of transcription from the Ade2MLP (9, 15, 28, 29, 34, 35, 38-42, 44, 48-50) . A TATA box-binding factor (14, 38) is indispensable, in addition to at least three other factors and RNA polymerase II, for accurate initiation of transcription (39) . The upstream stimulatory factor (USF) increased in vitro transcription 10-to 20- protein that binds to the UPE has been extensively purified in several laboratories (10, 35, 41, 44) .
To understand in more detail the mechanism involved in poliovirus-induced inhibition of host RNA polymerase IIdependent transcription, it was of interest to study the effect of poliovirus infection on the USF that binds to the UPE in the well-known Ade2MLP. We used gel shift assays, UVdependent protein cross-linking procedures, and specific in vitro transcription (3, 21, 30, 32) . The data presented here demonstrate modification of the UPE-USF complex after poliovirus infection and suggest that a distinct virus-induced 50-kDa protein binds to the UPE after poliovirus infection. The implications of these findings are discussed in light of virus-induced inhibition of host cell mRNA transcription.
MATERIALS AND METHODS
Cell growth and infection. Poliovirus type 1 (Mahoney strain) was grown and purified after serial passages. HeLa S cells were grown and propagated as spinner cultures in Joklik modified minimal essential medium containing 7% horse serum at a density of 3 x 105 to 6 x 105/ml. Cell cultures were infected as follows. The medium was removed by centrifugation, and the cells were suspended at a density of 107/ml. Poliovirus stock in fresh minimal essential medium (without serum) was added to the suspension culture at a multiplicity of infection of 100 PFU per cell. After 30 min, the medium was removed and the cells were suspended at a density of 5 x 106/ml in fresh medium containing 2% horse serum. Cells were incubated at 37°C, and at different times after infection, as described in the figure legends, cells were removed to prepare nuclear extracts. Uninfected (mockinfected) cell cultures were processed identically, except that poliovirus was omitted from the infection.
Preparation of nuclear extracts and chromatographic fractionation of nuclear proteins. Nuclear extracts from mockand poliovirus-infected HeLa cells were prepared as described by Shapiro et al. (47) , and fractionation of mock-and poliovirus-infected nuclear extracts on a phosphocellulose (31) and purified through a Sephadex G25 column.
Gel electrophoretic DNA-binding assay. Protein-DNA complexes were resolved on low-ionic-strength polyacrylamide gels as previously described (9), with some modifications. Protein samples were preincubated with 0.3 ,ug of poly(dIdC-poly(dI-dC) (Pharmacia); after 15 min at room temperature, 50,000 cpm (0.2 ng) of the end-labeled UPE-oligonucleotide was incorporated in the reaction (final volume, 10 ,ul). Incubations were performed at 30°C for 20 min in 10% glycerol-10 mM HEPES (pH 7.9)-60 mM KCl-6 mM MgCl2-0.1 mM EDTA-4 mM spermidine-1 mM dithiothreitol. Samples were layered onto low-ionic-strength 6% polyacrylamide gels (acrylamide-bisacrylamide weight ratio, 29: 0.6) containing 80 mM Tris-glycine (pH 8.4). Gels were pre-electrophoresed for 60 min at 17 mA in 40 mM Trisglycine buffer. Electrophoresis was at 17 mA (4°C) for 1.5 h. Gels were then transferred to Whatman 3MM, dried, and autoradiographed.
UV cross-linking. A 32P-labeled UPE-oligonucleotide was prepared by incorporating bromodeoxyuridine triphosphate and [32P]dCTP (3,000 mCi/mmol) into its sequence by using a standard protocol of nick translation (31) .
Protein samples (40 ,ug of protein) from a phosphocellulose 0.3 M fraction were incubated with 1 ng of the bodylabeled UPE-oligonucleotide and 4 ,ug of poly(dI-dC)-poly (dI-dC), as described above, in a 30- 30°C. The mixture (in a Nunc vial sealed with Saran Wrap) was irradiated (60 min) under a Fotodyne UV lamp (maximum emission wavelength, 310 nm; maximum intensity, 7,000 p.W/cm2) at a distance of 4.5 cm from the UV source. The mixture was brought up to 10 mM CaCl2, and DNA was digested for 30 min at 37°C with 3.3 ,ug of DNase I (Sigma Chemical Co.) and 1 U of S1 nuclease (Boehringer Mannheim Biochemicals). The sample was then electrophoresed (4 h at 200 V) on a sodium dodecyl sulfate-8% polyacrylamide gel by using the Laemmli buffer system (27) . The gel was dried and autoradiographed with Kodak X-OMAT film.
RESULTS
Incubation of nuclear extracts from mock-infected HeLa cells with the labeled UPE-oligonucleotide probe and poly(dI-dC) generated a major retarded band (Fig. 2 , lanes 1 and 2). This oligonucleotide DNA-protein component, which for simplicity will be referred to as complex A, should be responsible, at least in part, for the migration pattern reported for the UPE-USF complex (9) . When a nuclear extract obtained from poliovirus-infected HeLa cells was incubated with the labeled probe, complex A was severely reduced and a new, slightly faster-migrating DNA-protein band (virus-induced complex B) was detected (compare lanes 2 and 6 in Fig. 2 ; see also Fig. 3A and B (Fig. 3 ). An excess of the specific competitor, that is, the UPE-oligonucleotide (Fig. 3A) , but not the oligonucleotide containing the Ade2MLP TATA box sequence (Fig. 1) , was able to compete for the formation of both complexes (Fig. 3B) . These results suggest that the UPE in the Ade2MLP interacts specifically with a protein(s) obtained from poliovirus-infected HeLa cell nuclei and that this protein(s) is different from the normal host USF.
Kinetic experiments of host and viral macromolecular synthesis in poliovirus-infected HeLa cells showed that at a multiplicity of infection of 100 PFU per cell, host RNA synthesis shutdown began between 60 and 90 min postinfection (p.i.) (8, 18) . To determine a possible correlation between formation of complex B and inhibition of host RNA synthesis in poliovirus-infected HeLa cells, two types of experiments were done. Formation of 32P-labeled DNAprotein complexes with nuclear extracts obtained from poliovirus-infected cells for 1 and 3 h p.i. was investigated. The result (Fig. 4) indicated that complex A was detected by using the nuclear extract obtained from either mock-infected HeLa cells (lane 2) or those infected 1 h previously (lane 4); complex B appeared when incubation of the UPE-oligonucleotide template was done with nuclear extracts obtained at 3 h p.i. (lane 6), that is, at the time of drastic inhibition of host cell RNA synthesis (Fig. 4B) . Again, most of the fragment containing UPE sequences was released after preincubation with a homologous unlabeled competitor (lanes 3, 5, and 7).
Since virus-induced modification of the UPE-USF complex parallels the in vivo inhibition of host cell RNA synthesis, the transcriptional activity of nuclear extracts from poliovirus-infected cell was expected to be deficient in an in vitro transcription system. We found that transcription from the Ade2MLP was about 10-fold less efficient in extracts prepared at 3 h p.i. from poliovirus-infected HeLa cells than in nuclear extracts from mock-infected cells (Fig. 5) . Accurate transcription with mock-infected extracts (Fig. 5, USF transcription factor, which can be partially purified with a stepwise phosphocellulose column, has been characterized as a 46-kDa protein (10, 35, 41, 44) . To characterize the nuclear protein content in virus-modified complex B further, phosphocellulose chromatographic fractionation of nuclear extracts was performed. USF-containing pools from phosphocellulose fractionation (0.3 M KCl-eluted fraction) of mock-and poliovirus-infected HeLa cell extracts were obtained, and gel retardation assays were performed as described in the legend to Fig. 2 . The results (Fig. 6) showed that (i) as previously reported (15, 39) form specific complex A (lanes 2 to 4); (ii) modified complex B was formed, also specifically, with the 0.3 M KCI fraction from the poliovirus-infected nuclear extract (lanes 5 to 7); (iii) both 0.3 M KCI UPE complexes A and B migrated slightly faster than their counterparts which were formed when incubation was done in the presence of total nuclear extracts (lanes 2 and 5, respectively); and (iv) no DNAprotein complexes were formed when a control experiment with the 0.5 M KCI fraction from infected nuclear extracts was done (lane 8).
The photochemical cross-linking protocol described by Chodosh et al. (10) was used to selectively label the proteins which bound to the UPE-oligonucleotide template in DNA-protein complexes A and B. A 32P-labeled UPEoligonucleotide probe containing bromodeoxyuridine was photochemically cross-linked to proteins in the 0.3 M KCI phosphocellulose fraction of mock-and poliovirus-infected nuclear extracts and analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
The labeled protein which was UV cross-linked to the UPE-oligonucleotide probe in the partially purified mockinfected nuclear extract has a molecular mass (determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis) of approximately 46 kDa (Fig. 7, lanes 3 and 5) . This result corroborates previously reported data indicating that the UPE of Ade2MLP is selectively cross-linked to the 46-kDa USF (10) . When a similar complex (virus-induced DNA-protein complex B) was analyzed, the intensity of the 46-kDa USF polypeptide was severely reduced and a new UPE-binding 50-kDa polypeptide was evident (Fig. 7, lane   4) . When a 100-fold molar excess of the unlabeled UPE probe was added, the strength of this band was greatly reduced (Fig. 7, lane 6 .g of protein) , poly(dI-dC)-poly(dl-dC) (1 p.g), and 32P-labeled bromodeoxyuridine-UPEoligonucleotide (1 ng). After incubation, samples were UV irradiated, nuclease treated, fractionated by polyacrylamide gel electrophoresis, and analyzed as described in Materials and Methods. Lanes: 1, 32P-labeled UPE-oligonucleotide incubated without protein; 2, 12 P-labeled UPE-oligonucleotide incubated without UV light; 3 and 4, UPE-labeled oligonucleotide incubated with the phosphocellulose fraction from mock-and poliovirus-infected nuclear extracts, respectively. In competition experiments (lanes 5 and 6 for mock-and poliovirus-infected nuclear extracts, respectively), unlabeled UPE-oligonucleotide (1OOx) was added. The numbers on the right are molecular sizes in kilodaltons. poliovirus infection. It is possible that the reduced competition observed in Fig. 7 (lane 5) was due to the large excess of purified extract (40 pLg of protein) used in the cross-linking experiments; in an experiment parallel to that shown in Fig.  7 , analyzed under gel shift (nondenaturing) conditions, we found that only 50% of the specific complex was competed for (data not shown). In addition to the 50-kDa binding protein, the virus-infected extracts contained proteins in the 40-to 46-kDa range that produced labeled small bands after UV cross-linking. These bands, unlike the larger band, were also apparent in mock-infected extracts and were not greatly reduced by addition of an excess of the unlabeled UPE competitor; they could represent proteins not completely removed by the affinity purification step that bind weakly and/or nonspecifically to DNA. As a control for nonspecific adsorption of proteins to the UPE-oligonucleotide probe and to demonstrate that the polypeptide identified was indeed covalently bound to the DNA, similar experiments were done with no nuclear extract (lane 1) and without prior UV cross-linking (lane 2). No proteins were detected in material isolated under these conditions. We suggest that although the USF 46-kDa factor is modified in poliovirus-infected cells, the 50-kDa polypeptide contributes, at least in part, to formation of the virus-induced, fast-migrating complex B seen in native polyacrylamide gels.
DISCUSSION
The major finding of this work is that in poliovirus-infected nuclear extracts, formation of a complex between the 46-kDa USF and the UPE of the Ade2MLP (complex A) was severely impaired and a new, faster-migrating protein-UPE complex (complex B) was formed, suggesting either association of smaller proteins with or different compaction of complex B (Fig. 2) . By using both the gel shift and UV cross-linking assays (10) , we demonstrated that a fastermigrating complex was formed. This complex was the result of binding to the UPE of a newly associated virus-induced 50-kDa polypeptide. The differences in electrophoretic mobility between the host 46-kDa UPE complex (complex A) and the virus-induced complex (complex B) suggest greater compaction or an increased charge of the protein(s) associated with the latter complex.
The transcriptional activities of nuclear extracts obtained from HeLa cells at 1 h after either mock or poliovirus infection were almost identical, whereas RNA synthesis from the Ade2MLP was inhibited in a nuclear extract at 3 h p.i. (Fig. 5) . These results are in agreement with both the in vivo situation (18, 36; Fig. 4B ) and the data reported for whole-cell extracts (12, 26 (36) results in conversion of subunit IIO, containing the highly phosphorylated CTD (13) , to a nonfunctional form of the enzyme (18, 36) . The requirement of RNA polymerase IIO for in vivo synthesis of pre-mRNA is well documented (1, 2, 4, 5, 13, 20) . This species is the predominant form in actively growing cells (20, 25) and is preferentially associated with cellular and viral chromatin (4, 20) . In vitro, the situation is quite different, since the CTD in its highly phosphorylated state (subunit 110) is not essential for accurate transcription in reconstituted systems (51) . Thus, the results presented here suggest that Ade2MLP transcription does not occur under our in vitro conditions, at least in part because of the association of a poliovirus-induced 50-kDa polypeptide to UPE, whereas transcription in vivo might be further prevented because of reduction of TFIID activity and the additional restriction of RNA polymerase IIO modification (18, 36 Since several DNA-binding proteins which regulate transcriptional activity have their DNA sequence recognition separated from their effector domains (6, 23, 24, 33) , we considered it possible that the 50-kDa peptide is an inactive, physically distinct, modified form of the 46-kDa USF. In this case, loss of catalytic activity by modification of the functional domain independent of any alteration of the DNA recognition domain could occur during infection. That is, although able to bind the UPE, at least in primary recognition or binding, the virus-modified 50-kDa polypeptide should be unable to interact properly with other components of the host transcriptional machinery.
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